Direct detection bounds are beginning to constrain a very simple model of weakly interacting dark matter-a Majorana fermion with a coupling to the Z boson. In a particularly straightforward gauge-invariant realization, this coupling is introduced via a higher-dimensional operator. While attractive in its simplicity, this model generically induces a large ρ parameter. An ultraviolet completion that avoids an overly large contribution to ρ is the singlet-doublet model. We revisit this model, focusing on the Higgs blind spot region of parameter space where spin-independent interactions are absent. This model successfully reproduces dark matter with direct detection mediated by the Z boson, but whose cosmology may depend on additional couplings and states. Future direct detection experiments should effectively probe a significant portion of this parameter space, aside from a small coannihilating region. As such, Z-mediated thermal dark matter as realized in the singlet-doublet model represents an interesting target for future searches.
I. INTRODUCTION
Weakly interacting massive particles (WIMPs) remain an attractive thermal dark matter (DM) candidate. However, while WIMPs exhibit weak scale interactions, the precise mechanism through which the DM interacts with visible matter (beyond its gravitational interactions) is unknown. One possibility is to take the "W" in WIMP seriously. That is, the interactions with the Standard Model (SM) are mediated not just by particles with masses near the weak scale, but by the carriers of the weak force: the W , Z and Higgs (h) bosons. It is of interest to understand the current experimental status of such models, as they represent minimal set-ups and give insight into the extent to which the WIMP paradigm is being probed.
Direct detection experiments place bounds on the spin-independent (SI) couplings of such WIMPs, which at tree level arise from exchange of the h or Z, and their spin-dependent (SD) couplings, which at tree level arise from exchange of the Z. The latest bounds on SI scattering arise from PandaX [1] and LUX [2] . DM that interacts with the Z boson via vectorial couplings, g V (χγ µ χ)Z µ , is very strongly constrained; see, e.g., [3] . For g V ∼ g Z ≡ g 2 /(2 cos θ W ), such a χ can comprise only ∼ < 10 −6 of the DM. 1 This dangerous interaction can be neatly forbidden by positing that the DM is a Majorana fermion, for whichχγ µ χ vanishes identically. This is the case, for example, for the neutralino of the
Minimal Supersymmetric Standard Model (MSSM).
Majorana fermions can retain direct detection cross sections that appear at an interesting level either via SD couplings to the Z boson and/or SI interactions with the Higgs boson.
1 It is possible, however, that such a tiny fraction of the DM might be observed at direct detection experiments and perhaps the LHC [4] .
We pay special attention to regions of parameter space where the DM thermal relic abundance matches the value measured by the Planck exper-
iment Ω DM h 2 = 0.1198(26) [5] . Direct detection experiments place stringent bounds on the DMHiggs coupling L y χχh (χχh), y χχh ∼ < 7 × 10 −3 (m X /50 GeV) 1/2 for m χ ∼ > 50 GeV [2, 6] .
These bounds make it difficult to realize the thermal abundance solely via a Higgs boson coupling, i.e., "Higgs portal" DM is constrained-see, e.g., [7] . It is therefore natural to consider the possibility where the thermal abundance is obtained absent a large coupling to the Higgs boson-perhaps solely via coupling to the Z, which induces only SD scattering.
However, as the xenon (Xe) nuclei of LUX and
PandaX have spin, direct detection experiments also probe this scenario.
2 As we will show, Majorana DM with thermal history primarily determined by Z couplings is being probed now.
In this paper, we first discuss the simplest, gaugeinvariant DM model wherein a Majorana fermion interacts with a Z boson. We will see that this coupling generically induces a large contribution to the ρ parameter. We then discuss how Zmediated dark matter may be realized as a limit of the singlet-doublet model [9] . This model has no problem with the ρ parameter. However, while direct detection is primarily mediated via Z boson exchange, other couplings may be important for the dark matter's thermal history. We will demonstrate that a large region of parameter space in this model is close to being probed, even if the couplings to the Higgs boson that determine the SI interactions 2 Additional bounds result from the lack of observation of neutrinos in the IceCube detector [8] , as produced via solar DM capture and subsequent annihilation, though these are generally weaker.
vanish.
II. Z-MEDIATED DARK MATTER
A gauge-invariant coupling of a Majorana fermion χ to the Z may be generated via a higher-dimension
where c is a coupling constant and Λ is the effective scale for new physics. We have implemented this model in Micromegas v4.3.1 [10] , which we use for calculations of relic density and direct detection processes. This operator induces a coupling to the
in addition to four-and five-point interactions between the DM and the Z and h bosons with related strength. In terms of m χ and g A , one
can calculate the relic density and direct detection rate. The dominant direct detection signal is spin dependent through the nucleon effective operator χγ µ γ 5 χN γ µ γ 5 N . Other operators are velocity suppressed [11, 12] .
Fermionic DM with purely axial vector coupling to the Z was studied in [13] , whose results for the relic density we have reproduced, and more recently in [14] , whose results are in agreement with ours. However, the model considered in these papers is not gauge invariant. The gauge-invariant version was studied in [15] , with closely related work in [16] .
Our results appear consistent with [16] , but our relic density calculation and direct detection limits differ from [15] .
In Fig. 1 
Projected bounds from LZ [19] are also shown (blue dashed).
Since projections for SD scattering bounds are not given by LZ, we estimate them by rescaling LUX 4 To our knowledge, no other studies have considered these 2 → 3 annihilations. 5 Currently published SD bounds from LUX [18] are slightly less sensitive than PandaX. However, Ref. [18] does not include the full exposure of the most recent bound on SI scattering published by LUX [2] . A rescaling of the bounds in [18] including the longer exposure of [2] would exclude thermal relics with mχ ∼ < 240 GeV, slightly stronger than the PandaX bound. 
as a function of mχ for Z-mediated DM. The black solid line indicates where the thermal relic abundance matches the observed abundance [5] . The orange dotted (dot-dashed) line corresponds to omitting higher-dimensional couplings to Zhh (and Zh), in violation of gauge invariance. Shaded (dashed) blue is excluded by PandaX (LZ), with bounds obtained as described in the text. The purple shaded region is excluded by IceCube (IC). Invisible Z decay limits (ΓZ ) are shown in gray. Pink shaded regions indicate where T < −0.09 (upper, darker) and T < −0.01 (lower, lighter), corresponding to 2σ excluded regions depending if S is nonzero or zero, respectively. Green shaded regions indicate where the EFT is precarious, taking cmax = 4π (upper, darker) or 1 (lower, lighter).
results from [18] by the same factor as SI bounds improve from [20] -which has the same exposure as [18] -to the projected LZ SI bounds [19] . LZ will probe thermal relics up to m χ ∼ < 2 TeV.
IceCube bounds [8] on annihilations of DM captured in the sun by the χ-proton SD cross section are shown in purple. To account for multiple annihilation final states, we estimate
where Br i is the branching ratio to channel i and For m χ < m Z /2, g A is bounded by LEP measurements of the invisible Z width, which limits Γ(Z → χχ) < 2 MeV at 95% confidence level [22] .
This bound is shown in gray using
The LHC can probe larger DM masses than LEP with monojet-type searches; however, both present and future sensitivities will be subdominant to LEP or direct detection bounds [15] , with the background (Z → νν)+jet representing an important irreducible background.
While pure Z-mediated DM currently evades the above experimental constraints at larger masses,
there are other considerations that should be taken into account when evaluating whether this is a reasonable benchmark model. First, the coupling of Eq. (2) will generate a large contribution to the ρ parameter. At loop level, two insertions of the 6 We take limits from Zhh to be roughly comparable to those from ZZ and hh. While the neutrinos from a three-body final state will be less energetic, for large mχ the energies are still expected to be above threshold. As such, the presence of additional neutrinos should lead to comparable (if not stronger) limits.
operator in Eq. (1) generate a contribution to the self-energy of the Z boson
without a corresponding contribution to the W boson self-energy. This gives
Under the strong assumption that no other operators affecting electroweak precision physics are
The corresponding constraint is shown in Fig. 1 
where for illustrative purposes we have set Λ min = 2m χ . In the figure, we have shown two regions: a light green one where we have set c max = 1, and a dark green one where we have allowed c max = 4π.
At large m χ , describing the physics with an EFT becomes more difficult.
There are two main takeaways from this section. 
III. EMBEDDING Z-MEDIATED DARK MATTER IN THE SINGLET-DOUBLET MODEL
A simple embedding of this Z-mediated DM model that moves beyond an EFT, drastically lessens the tension with the ρ parameter, and is consistent with approximate gauge coupling unification is the singlet-doublet model [9] . Early analysis of this model appeared in [25] [26] [27] , with focus on the direct detection phenomenology in [28] . It is closely related to the DM story in split supersymmetry [29, 30] or the well-tempered neutralino [31] . More recent studies of the DM phenomenology appear in [6, 32, 33] .
Related collider studies appear in [34, 35] .
The singlet-doublet model is obtained by adding to 
The 
where However, bounds on SI scattering are sufficiently strong that they also constrain DM that interacts via the Higgs boson. As such, it is of particular interest to consider this model in the so-called "Higgs blind spot" [28, 32, 36] , wherein the coupling to the Higgs boson vanishes:
In this blind spot, the DM will retain a diagonal coupling to the Z boson (as in the previous section) but will also exhibit off-diagonal couplings to the Z as well as to the W boson. So, while the DM phenomenology in certain regions of the singletdoublet parameter space will correspond to that of the Z-mediated case, these additional couplings can play a significant role elsewhere.
In Fig. 2 , we have fixed two of the four free parameters of the model as follows: y c is fixed to the Higgs blind spot value, so that σ SI vanishes at tree level, and M D is fixed to agree with the observed (thermal) relic density calculated using Micromegas. and as noted in the previous section direct detection 8 There is one physical phase among the parameters {y, y c , M D , M N }, which for simplicity we set to zero. Effects of a nonzero phase are discussed in [25, 26] . 
we show in Fig. 3 
IV. CONCLUSIONS
A simplified DM EFT in which the dark matter communicates with the SM through a Z boson 9 Because the SI and SD constraints will be comparable in the future for the δ y c in Fig. 3 , the exclusions should be combined to yield a somewhat stronger bound on y.
We have chosen not to do so in order to demonstrate the relative strength of each, and anyway for most values of δ y c only one of the SI or SD constraints will dominate. h coupling approximately vanished to evade the very stringent SI scattering constraints. As limits continue to improve, alternatives to the simplest WIMP models, or even to WIMPs themselves, will become increasingly attractive objects for study.
